Abstract-A study of the temporal dynamics of iron concentrations and temperature on a faunal assemblage at the Lucky Strike vent was performed using the Tempo ecological module at the EMSO-Azores deep-sea observatory. The CHEMINI in situ analyzer was implemented on this structure to determine reactive iron concentrations in unfiltered seawater samples along with a temperature probe. Stability tests were performed on the CHEMINI analyzer before deployment (optical module, hyperbaric tests, and deep-sea calibration) for long-term in situ analysis of reactive iron (six months, 2013-2014) at the Tour Eiffel active edifice. Recorded daily, the in situ standard (25 μmol.L −1 ) showed excellent reproducibility (1.07%, n = 522), confirming satisfactory analytical performance of the CHEMINI analyzer and thus validating the iron concentrations measured by the instrument. Furthermore, the analyzer proved to be reliable and robust over time. The averaged reactive iron concentration for the six-month period remained low ([Fe] = 7.12 ± 2.11 μmol.L −1 , n = 519), but showed some noticeable variations with temperature. Reactive iron concentrations and temperature were significantly correlated emphasizing reactive iron stabilization over the time of deployment. Period spectra indicated strong tidal influence and relevant frequencies of four to five days for both variables. 
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I. INTRODUCTION
I RON (Fe) plays a key role in global biogeochemical processes. A recent study [1] has shown that iron originating from hydrothermal sources is not negligible, and may account for 9% of the dissolved iron budget in the deep ocean [2] . In addition, iron appears to be an important factor controlling community structure in hydrothermal vent ecosystems [3] , [4] . Iron is, for instance, directly involved in the chemical reactions and redox processes which occur in the mixing zone of cold oxygenated seawater and hot hydrothermal fluid [5] - [8] . Hence, the distribution of iron can provide information on the processes governing metal bioavailability in hydrothermal ecosystems and its influence on the biological community structure in these singular deep-sea environments [9] , [10] . Specific instruments such as in situ analyzers have been used to characterize the chemical environment of the habitats prevailing in hydrother-mal vent ecosystems [11] - [19] . These analyzers are generally deployed using remotely operated vehicles (ROVs) for shortterm (i.e., minutes to hours) iron analyses. However, Chapin et al. [16] successfully deployed an in situ iron analyzer for one year at 1100-m depth off the coast of Hawaii. A second yearlong deployment of the Fe-OsmoAnalyzer in a low-temperature hydrothermal vent at the Axial Volcano provided the longest continuous in situ record of a chemical species in a hydrothermal system. Data showed that fluctuations in Fe concentrations were influenced primarily by tides. To our knowledge, there are no other long-term data records on in situ iron in hydrothermal ecosystems. Hydrothermal environments constitute very hostile operating conditions for marine chemical analyzers: high pressure, steep temperature and pH gradients make it a real challenge to operate such analytical systems for more than a few days.
In the past few years, several seafloor observatory projects (VENUS, Ocean Networks Canada, MoMAR, ESONET, MARS, etc.) have been set up to develop multidisciplinary experiments for observation and monitoring of active seafloor processes, over longer time scales than the usual discrete sampling strategies of oceanographic cruises. Cruises regularly visit hydrothermal vents but they are costly and the acquired observation records are seasonal, infrequent, and usually cover limited time periods. Hence, seafloor observatories contribute to the study of long-term (i.e., months to years) distributions of physicochemical parameters, disturbances by episodic events (increase in iron concentration, in temperature, oxygen depletion, etc.), and the associated changes in the fauna related to variation in the abiotic environment. The development of new autonomous scientific tools, suited for long-term in situ monitoring, is an essential step to ensure the success of these seafloor observatories.
Here, we present the results of long-term deployment of an iron in situ chemical analyzer (referred hereafter as "CHEM-INI," standing for CHEmical MINIaturized analyzer [19] ) at the deep-seafloor observatory MoMAR in the Atlantic Ocean (Monitoring the Mid-Atlantic Ridge [20] ). This observatory is part of the EMSO-Azores marine research infrastructure (EMSO: European Multidisciplinary Seafloor and Water Column Observatory). This platform consists of ocean observing systems for long-term, high-resolution, (near)-real-time monitoring of environmental processes. One of the specific scientific objectives of this observatory is to study the temporal dynamics of a faunal assemblage and its habitat on a hydrothermal vent using an ecological module named Tempo. The Tempo ecological unit records video footage and environmental parameters. This paper describes the EMSO-Azores MoMAR observatory, the Tempo and the CHEMINI functionalities. It also presents the variations in reactive iron concentration and temperature over six months (August 31, 2013 -February 23, 2014 . In addition to the previous study [21] , it focuses on the correlation between both variables and frequencies involved in resolving the temporal dynamics of this hydrothermal system.
II. MATERIALS AND METHODS

A. The EMSO-Azores MoMAR Observatory
The EMSO-Azores MoMAR observatory infrastructure (37 • 50 N-33
• 00 W) is part of the EMSO program. 1 It is focused on a multidisciplinary long-term study of hydrothermal environments at the Mid-Atlantic Ridge (MAR), and more specifically on the Lucky Strike vent field [20] . It is a permanent uncabled seafloor observatory that records seismicity, seafloor deformation, fluid flow, temperature, and seawater chemical composition The infrastructure is composed of two SEA MOnitoring Nodes (SEAMON) and a surface relay buoy (BOREL). One SEAMON node, dedicated to large-scale geophysical studies, is moored on the lava lake in the Lucky Strike vent field. The other node is deployed at the base of an active edifice to study the temporal dynamics of fauna assemblages. This node is composed of the Tempo ecological module to monitor a mussel bed (main species: Bathymodiolus azoricus) located at the base of the Tour Eiffel vent (1700-m depth, referred hereafter as the Tempo sampling site). Both nodes are acoustically linked to BOREL, which is equipped with two identical backup data transmission channels (EvoLogics) to ensure uninterrupted data flow via satellite communications to the land base station at Ifremer, Brest, France. Scientific and technical data (including low-resolution photographs and absorbance spectra from CHEMINI) are transmitted daily.
B. Tempo
The structure of Tempo has already been described in [20] and [22] . Tempo is an ecological module that records video footage and physicochemical measurements. The module was upgraded for the deployment in 2013. It is driven by COmmunication and STOrage Front-end (COSTOF) and equipped with an integrated video system named SMart Ocean Observatory Video Equipment (SMOOVE, based on an Axis Q1755 HD video camera, fitted with a solid-state drive and four pressure-balanced oil-filled LED projector lights). Three housings containing 12 kWh of primary lithium cells (Li-SOCl 2 ) are used to power the various sensors.
Sensors mounted on Tempo consist of 3 NKE autonomous temperature probes, a Wetlabs turbidimeter, an Aanderaa oxygen sensor, and the CHEMINI in situ analyzer for the measurement of reactive iron concentrations (Fig. 1) . Optical instruments (video camera, lights, and optode) are protected by 1 www.emso-fr.org an antibiofouling system based on local microchlorination (inhouse device [22] ). Power consumption of the system totals around 10 kWh per year (sensors, COSTOF electronic unit, and acoustic modem). The CHEMINI Fe in situ analyzer needs approximately 1.3 kWh per year. Recorded data are stored in the COSTOF internal memory and transmitted every six hours to the Ifremer data center.
C. CHEMINI
CHEMINI is an in situ monoparameter analyzer that can measure various chemical concentrations in seawater. This instrument is based on flow injection analysis with colorimetric detection. Its functionalities have been described in [19] . Briefly, CHEMINI is made of two modules: a hydraulic module and a detection module. The hydraulic module is composed of a pressurized titanium tank filled with dielectric oil (Fluorinert FC 770, 3M, Fig. 2 ). It contains a mechanically polymethylmetacrylate engraved manifold, two in-house designed peristaltic pumps, and eight solenoid valves (LVM115 from SMC, Japan) for the circulation of various fluids (reagents, standards, samples). The pump tubings are made of Tygon (E3603). The detection container is a titanium tank kept under slight depression (−0.2 bars). It contains the electronic cards for driving the various actuators (Appli card), recording the LED detection system and storing data (ATMEL ATMEGA). The ATMEGA card had a memory capacity of 8 Mb which can store about 700 complete spectra [19] . For long-term deployment, the capacity was increased to 32 Mb to enable the recording of approximately 2800 spectra. The quartz flow cell (3-cm path length, Hellma) is located outside the tank and connected to the LED detection system via optical fibers and special waterproof titanium optical pass through (SEDI, France). [23], [24] ). The dual wavelength measurement using LEDs was performed to limit any matrix effects such as turbidity variations.
To avoid any obstruction in the sample stream, blockage, or changes in the flow, the incoming seawater was unfiltered. The iron fraction analyzed using CHEMINI then corresponded to an operationally defined fraction of iron, herein called reactive iron. This fraction included the dissolved and particulate iron in unfiltered seawater that is labile enough to react with ferrozine in the presence of buffered ascorbic acid. The reagents used for the study were the same as described in [19] . The iron (III) solution was prepared with iron (III) chloride (FeCl 3 6H 2 O, p.a.Merck) in ultrapure water acidified (1 M) with hydrochloric acid (HCl, p.a.Merck, 37%). The day of deployment, the 25 μmol.L −1 standard was prepared by dilution of this mother solution in acidified artificial seawater (35 g of sodium chloride NaCl and 1.5 mL of HCl 6 N for 1 L of ultrapure water). The buffer capacity of ascorbic acid was adequate to bring the solution pH into optimal range for the acidified standard as well as for the un-acidified natural seawater analyzed in situ. The standard solution was introduced in a 5-L plastic bag and stored at 4
• C until placed in the Tempo drawer. The volumes of the reagents and standard were increased compared with [19] . One year deployment required 10 L of acidified NaCl, 10 L of ferrozine reagent, 10 L of ascorbic acid, and 5 L of 25 μmol.L −1 Fe(III) standard solutions. Flexible 5-L bags (Promela, Monaco) were used to store and recover reaction product waste. Once filled, the flexible bags were placed in the Tempo drawer and connected to the manifold of the CHEMINI using Luer connections (Fisher Scientific).
2) Figures of Merit:
The performance of CHEMINI in the analysis of reactive iron is described in [19] . CHEMINI has a concentration range from the limit of detection (LOD) 
, with a repeatability of 0.6% (n = 5) in the range of concentrations encountered in the studied area.
D. Calibration and Stability of the Signal
Before deployment on the MoMAR observatory, CHEMINI was tested both in the laboratory and in a hyperbaric testing tank (March 2013, Ifremer Brest) to validate the stability of the signal under different pressure and temperature conditions and also to confirm the robustness of the instrument.
1) Laboratory Calibration and Stability Signal: Stability signal tests were carried out in the laboratory and especially on the optical detection system of CHEMINI. Five light intensities from the maximum to approximately half-light power were tested. The aim was to simulate degraded light conditions and to determine the limits of the detection system. The five intensities of light were applied for seven days for a 50 μmol.L −1 iron standard and for 16 days for three iron standards (0, 20 and 60 μmol.L −1 ).
2) Hyperbaric Tests:
The impact of temperature and pressure variation depends on the nature of the chemical method used in the in situ analyzer but also on instrument structure, including electronic components, reagents, and standards. CHEMINI was tested in a hyperbaric testing tank (Ifremer Brest). Both the electronic and hydraulic modules were immersed; the reagents and standards were placed in flexible bags. The first experiment consisted in increasing the pressure from 10 to 450 bars at an ambient temperature of 17.9
• C. The second experiment tested a decrease in temperature, from 17.9
• C to 3.6 • C at a constant pressure of 465 bars.
E. In Situ Sampling Strategy
Seawater was directly pumped from the environment without any filtration and supplied to the CHEMINI analyzer located on the Tempo structure. The acquisition period for iron determination was twice a day: four replicates at noon for the 25 μmol.L −1 iron (III) standard, to correct for possible instrument drift, and four measurements at midnight for the in situ iron sample determination. For each sample measurement, only the last three measurements were considered as representative, the first being discarded (to rinse the system). The dissolved oxygen concentrations and temperature recording with the Aanderaa optode had a resolution of one measurement every 15 min. Data processing, time-series analysis, and power spectral densities were performed using the statistical R platform. iron standard did not vary (mean value of A = 0.47525 ± 0.00827). Precision was 1.7% (n = 278) for one week, indicating a robust detection module. Moreover, the standard deviation of the calibration slope was 2.2%. This value is close to the repeatability value of 1.4% (n = 5) obtained for concentrations from the LOD up to 100 μmol.L −1 [18] and 0.6% on five 50 μmol.L −1 standards [19] , under constant light intensity. 2) Hyperbaric Tests: Results from our pressure tank experiment show that as the pressure rose, the maximum absorbance (observed for our 100 μmol.L −1 iron standard) remained constant in intensity although peak shape started to broaden. An average delay of 15 s was calculated for the time at which the maximum absorbance was observed at various tested pressure. Similar broadening was observed for decreasing temperatures. In addition, at constant pressure (465 bars), there was a delay of 26 s before obtaining maximum absorbance. This delay indicates that the flow rate decreases with an increase in pressure and a decrease in temperature, perhaps due to squeezing in the pump tubing or to pump rotation speed, which may be slower than at the surface. Similarly, other studies using analyzers with peristaltic pumps have reported variation in the calibration slope according to pressure [15] , [17] .
III. RESULTS AND DISCUSSION
A. Calibration and Stability of the
Thus, the functioning of CHEMINI is highly sensitive to changes in temperature and pressure. To determine an accurate and realistic iron concentration, it is essential to calibrate the system under the same temperature and pressure conditions as the in situ analysis. Fe(III) analyzed daily in situ was 1.07% (n = 522, three replicates per day), illustrating the satisfactory analytical performance of CHEMINI and validating the in situ iron concentrations obtained. The sample concentration was calculated using the mean standard concentration averaged over the six months of measurement ([Fe] = 25.00 ± 0.27 μmol.L −1 , n = 522) as it was extremely stable. Every day, three sample concentrations were obtained; we did not use daily averages because the measurements corresponded to different sampling sequences taken over a 15-min period. The operationally defined fractions of Fe measured by CHEMINI are not directly comparable to those of the fluid sampled by the ROV, which is in situ filtered and analyzed later in the laboratory using traditional analytical methods. Laboratory measurements provide total dissolved iron (for filtered and acidified samples) or total electrochemical active iron contents (for voltammetric measurements). Despite the methodological differences, our reactive iron concentrations were of the same order of magnitude as those measured using inductively coupled plasma mass spectroscopy (ICP-MS) on discrete samples in 2012 at the same Tour Eiffel site [25] . In fact, an in situ filtered sample was taken simultaneously with a CHEMINI −1 of total reactive iron, giving us confidence that both measurements are comparable. We can reasonably assume that the reactive iron data provided by CHEMINI give a good estimation of the hydrothermal input and its variability on this mussel bed.
B. Deployment on the MoMAR
The variation of temperature ( • C) and reactive iron concentrations (μmol.L −1 ) from August 31, 2013 to February 23, 2014 are shown in Fig. 3 [26] , [27] . A time delay between the iron analysis and the temperature (1-5 min) was observed and avoided synchronization and a direct correlation for every sampled point. The averaged reactive iron concentrations for the six-month period were low ([Fe] = 7.12 ± 2.11 μmol.L −1 , n = 517), but showed some noticeable variation, with minimal and maximal values of 2.59 and 12.82 μmol.L −1 , respectively. These values are comparable with those obtained in 2006 in the same study area using the CHEMINI analyzer (from the LOD to 10.2 μmol.L −1 [19] ). Temperature also showed moderate values (T = 12.73 ± 3.06
• C, n = 16, 108), with maximum and minimum values of 20.81
• C and 4.67 • C, respectively, and corresponding to the average conditions for the habitat of the faunal assemblage studied [28] , [29] . Variations in temperature and reactive iron showed similar overall patterns. For example, on September 25, 2013, the temperature increased to 17.91
• C and total reactive iron also increased, reaching a value of 12.82 μmol.L −1 . A similar increase also occurred on November 25, 2013 with a temperature of 17.97
• C and a reactive iron concentration of 10.45 μmol.L −1 . Both temperature and reactive iron were statistically correlated with time (Fig. 3) . A global decreasing trend was observed for both parameters over the sampling period. This decrease is likely to be related to the widespread decline in diffuse venting over the last 13 years as noted in [30] at Lucky Strike. The decline in diffuse venting has been attributed to an overall reduction in the mass flux of hydrothermal discharge across the vent field, although this explanation lacked support from other sources of measurement. Our results on the Tempo sampling site, characterized by a substrate with many diffuse outflows, appears to corroborate these previous observations of a decline in diffuse venting at Lucky Strike.
Despite this decreasing trend, no episodic events were recorded at the EMSO-Azores observatory for the iron distribution, and no relevant periodicity was observed for temperature at the subdiurnal scale (Fig. 4) . Nevertheless, variance-preserving power spectra indicated frequencies of 4.7 and 3.8 days, respectively, for temperature and iron concentrations (Fig. 4) . Similar cycles lasting three to four days have been previously detected near seamounts for currents along the crest of the Juan de Fuca Ridge (North Pacific Ocean [31] ). Coherence between temperature and currents suggest that four-day oscillations play a major role in the local advection of hydrothermal plumes. In another study, Cuvelier et al. [32] also showed a significant period of 4.5 days for two faunal taxa (Polynoidae and Buccinidae) at the Main Endeavour Field (North Pacific Ocean). However, the processes associated with this four-day frequency are currently unclear. On a diurnal scale, temperature data series showed a significant tidal signal (Fig. 5, 1.9 
, as already noted in [22] and [33] for the same area. Tidal cycles have been documented as driving ecological factors in other hydrothermal systems [32] , [34] .
Even though measurements were not synchronized, temperature and reactive iron concentrations appeared to be significantly correlated (Fig. 6 , black dots, r 2 = 0.362, p < 0.001). One should keep in mind that some of this relationship integrates the natural variability of the system. It might also partly reflect the methodological variability of our instrument, although, as mentioned earlier, standard measurements appear very constant over time giving us confidence in the stability of the CHEMINI analyzer. Using the iron concentration determined by [35] in the pure Tour Eiffel hydrothermal fluid and the temperature reported by [33] and [30] for this edifice, we calculated a theoretical dilution line (seawater:
, end-member hydrothermal fluid as in [35] and Fig. 6 , dotted-dashed line). As part of the long-term MoMAR experiment, one study [33] recently observed that the Lucky Strike vent fluid shows stable temperatures over three years of monitoring, with an average hydrothermal fluid temperature of 322.8
• C ± 2.8
• C between 1993 and 2012. We thus expect little variation in the concentrations of the major elements in the end-member fluid and in the slope of the theoretical dilution line (Fig. 6, dotted-dashed  line) , ruling out hydrothermal fluid variability as an explanation of the fluctuations and lower slope observed in our data.
We used the iron concentrations measured at the Tempo site in [25] to calculate a second dilution curve (Fig. 6 , white dots, dashed line), representing the theoretical mixing between diffuse outflow and seawater (referred hereafter as "diffuse dilution curve"). These measurements were taken in August 2012 from in situ filtered samples along a mixing gradient from a diffuse outflow to the surrounding seawater; therefore, this trend line can be used to represent the iron behavior in the dilution of diffuse venting in seawater. The positive divergence between our data and the diffuse dilution curve could be due to the difference in the iron fraction analyzed in [25] and with CHEMINI, respectively, dissolved and reactive iron (dissolved and a fraction of particulate). However, as explained above, the results obtained for Menez Gwen sample using ICP-MS and CHEMINI were satisfactory, giving us confidence that both measurements are quite comparable; indeed, a significant part of the hydrothermal particulate iron has been lost already in the chimney before being expulsed in seawater [36] . The difference might be due to distinct sampling dates. Still, very few data points follow the diffuse dilution curve, but most of the reactive iron concentrations lie between pure hydrothermal fluid curve and the diffuse venting one. This suggests that the fluid sampled by CHEMINI could originate from simple subseafloor dilution of pure hightemperature fluid by cold pore fluids (Fig. 7, hypothesis 1) . Outflow of pure hydrothermal fluid can vary depending on spatial considerations (e.g., variation in seafloor porosity, fracture geometry), leading to additional temporary inputs. Subseafloor chemical transformation processes of the migrating fluid, with differential residence times within the substratum, called the "secondary circulation system," may also occur (Fig. 7 , hypothesis 2 [33] ). The combination of both types of input as well as additional mixing processes after the diluted fluid has been expelled from the diffuse outflow (tidal pressure and currents) is also possible. At this point of study, we do not have enough information to statute between a pure fluid and a diffuse source of reactive iron in the Tempo area. Fig. 6 also shows that our data lie below the theoretical dilution line. This variance is mainly due to the precipitation of iron under metal sulfide fraction (pyrite, nanoparticles, etc. [36] ) or iron oxy hydroxide particulate minerals [37] . Several other biogeochemical processes can influence the fate of iron in hydrothermal input. In fact, metal speciation associated with nutrient scavenging and bacterial metabolism remove significant amounts of dissolved iron from the aqueous phase [1] , [9] , [38] , [39] , usually showing a nonconservative behavior when mixed with oxygenated seawater. A more outstanding feature of Fig. 6 is the apparent conservative behavior of reactive iron in this temperature range. This suggests stabilization of reactive iron near the diffused vent with inorganic (nanoparticules of pyrite, aggregation of colloidal forms of oxy hydroxide [40] , [41] ) or organic phases (strong complexing organic ligands [42] ) to prevent it from precipitation processes. This would explain the 3.07 μmol.L −1 of total reactive iron detected at the Tempo sampling site even at seawater temperature (extrapolation of the Tempo 2013 regression to 4.2
• C). Such stabilization processes have already been observed and described in recent studies on hydrothermal plumes [38] , [43] or directly in hydrothermal vent systems and chimneys [1] , [44] . They tend to compete with the rapid formation of polymetallic sulfides and iron oxyhydroxide, promoting the iron availability to the biological community structure in these singular deep-sea environments. They can also be responsible for iron transport in the deep ocean as described in [45] and [46] . Our results emphasize this reactive iron stabilization with organic/inorganic phases probably in a colloidal (aggregates) and/or a particulate form, for a six-month-long deployment. Compared to instantaneous and discrete plume studies, our data represent the first evidence of such stabilization mechanisms in a yearly timescale.
A characterization of the nature of particles [44] , a use of in situ sensors dedicated to the analysis of sulfur as well as metal speciation [4] , [47] - [49] would be useful to discriminate among all the processes involved and the forcing factors driving the iron concentrations at the Tempo diffuse venting site. Coupling of various long-term in situ analysis techniques would constitute a massive progress in the development of new autonomous scientific instruments for seafloor observatory as well as in the understanding of hydrothermal impact on the global metal distribution in the deep ocean.
IV. CONCLUSION
CHEMINI showed analytical reliability and mechanical robustness over time. This instrument is well suited for long-term in situ monitoring of hydrothermal ecosystems. Tempo collected a representative data series of the chemical environment (T • C, reactive Fe) at the Lucky Strike vent. This study highlighted significant correlation between temperature and reactive iron. It also provided a long-term survey on this hydrothermal edifice. Nevertheless, low sampling resolution prevented the observation of episodic events, and an increase in sampling period could help specify the relationship between iron concentrations and temperature, as well as the processes involved. Electrical power as well as reagent consumption are limiting factors, and should be carefully taken into consideration to ensure the feasibility of an increase in sampling resolution. The next deployment scheduled in August 2016 will strive to integrate such considerations to acquire accurate data on the temporal variability of hydrothermal vent environments.
Other experiments deployed on the EMSO-Azores MoMAR observatory are currently acquiring longer time series (2010-2015 and still recording). A thorough statistical treatment of our reactive iron, temperature, and dissolved oxygen data set in association with the video footage recorded by Tempo (currently being processed) will provide insight on hydrothermal faunal communities, their dynamics, and their structuring factors. In a distant future, the addition of in situ sensors dedicated to the analysis of sulfur as well as metal speciation could also be very useful for a thorough chemical identification of the Tempo diffuse venting site. 
